Introduction
[2] Bi-decadal climate variability has been observed over the North Pacific [e.g., Cook et al., 1997; Biondi et al., 2001; Minobe et al., 2002] . Decadal and/or inter-decadal variability has been explained by mid-latitude air-sea interactions with oceanic Rossby waves and boundary current fluctuations [e.g., Latif and Barnett, 1994] , oceanic subduction and thermal anomaly advection leading to ENSOdecadal modulation and solar 11/22-year cycles. However, ENSO does not have a significant bi-decadal spectrum peak, and the solar cycle does not follow the bi-decadal SST variability in the early 20-th century. We thus have had no definitive answer what causes the bi-decadal variation and what provides the time-scale.
[3] Recently, the 18.6-year period nodal tidal cycle [Bradley, 1748] (henceforth ''18.6-year cycle'') was hypothesized as a candidate for the bi-decadal climate/ocean variability , based on the fact that climate indices as North Pacific Index [Trenberth and Hurrell, 1994] , Pacific Decadal Oscillation Index (PDO: first principal SST mode north of 20°N in the Pacific [Mantua et al., 1997] ) and East-Asian Monsoon Index in the 20-th century were synchronized with the 18.6-year cycle. However, the data length (less than 100 year) was not enough to statistically show the existence of the 18.6-year cycle in the climate indices. The purpose of the present study is to convincingly show the existence of the 18.6-year cycle by using longer climate data of proxy-PDO reconstructed from tree rings. The PDO represents the largest part in the decadal-scale basin-wide Pacific ocean-climate variability; however the link between the proxy-PDO and the 18.6-year cycle has not been demonstrated.
[4] The moon's orbital surface and the earth's equatorial surface incline by 5.2°and by 23.4°respectively for the earth orbital surface around the sun, and the cross (nodal) point between the moon's orbit and the earth equatorial surface rotates with the period of 18.613 years. This 18.6-year cycle causes the long-term fluctuations of oceanic tides, especially for the diurnal components of K 1 and O 1 whose amplitudes are modulated by 11% and 19% respectively; the modulation takes the maximum at 45 degrees latitude from equilibrium tidal theory [Doodson, 1921; Loder and Garrett, 1978] . Diurnal tidal flows could be large at straits and slopes around islands and seamounts in mid-high latitude oceans because of the resonance between topography-trapped waves and sub-inertial diurnal tidal waves [e.g., Chapman, 1989] . In particular, around the Kuril Islands bordering the North Pacific and the Okhotsk Sea, huge diapycnal mixing with the coefficient over 1000 cm 2 /s due to strong diurnal tidal flows [Katsumata et al., 2004] is suggested from numerical models [Nakamura et al., 2000] and microstructure observations (I. Yasuda et al., manuscript in preparation, 2009 ). Diapycnal and meridional overturning thermohaline circulation due to this strong tidal mixing is thought to regulate the formation of North Pacific Intermediate Water and associated circulation in the Pacific intermediate depths [Nakamura et al., 2004; Tatebe and Yasuda, 2004] . Since the amplitude of diurnal tides is significantly modulated by the 18.6-year cycle, the change of the tidally induced mixing around the Kuril Islands and the Bering Sea [Foreman et al., 2006] might induce bidecadal variability into the subarctic water masses [Loder and Garrett, 1978; Royer, 1993; Osafune and Yasuda, 2006; Wilson et al., 2007; McKinnell and Crawford, 2007;  S. Osafune and I. Yasuda, Bidecadal variability [Currie, 1984 [Currie, , 1991 Cook et al., 1997; Cerveny and Shaffer, 2001; Yasuda et al., 2006; Ray, 2007; Herweijer et al., 2007; Hasumi et al., 2008] over the Pacific.
Data and Method
[5] The Pacific Decadal Oscillation (PDO) index (first principal mode of SST north of 20°N in the Pacific) represents the largest part in the decadal-scale basin-wide Pacific ocean-climate variability (see http://jisao.washington. edu/pdo/ for the 20th century data and spatial pattern). We here use two annual-mean PDO data reconstructed from tree ring chronologies by using principal component regression analysis [Fritts, 1976; Cook and Kairiukstis, 1990 ]. The one is 1) 298-years data by [D'Arrigo et al., 2001] (hereinafter referred to as D'Arrigo-PDO) from 1700 to 1997 reconstructed from coastal tree-ring chronologies in Alaska and Oregon representing mid-high latitude climate and drought reconstruction data in Mexico representing the subtropical and tropical Pacific. As a supplementary annual-mean PDO time-series, 2) 331-years data by [Biondi et al., 2001] (hereinafter referred to as Biondi-PDO) from 1661 to 1991 reconstructed from coastal tree-ring chronologies in the relatively narrower latitudes of 30-35°N than the former dataset. The two dataset gives somewhat different but essentially similar results as will be shown later. Instrumentally observed annual-mean PDO data in 1900 -2007 is also examined for comparison.
[6] To detect dominant periods on inter-decadal time scale, power spectrum analyses with Fast Fourier Transform (FFT) was applied. In the FFT method, 1) zero was added to the end of each time-series ('zero padding') after de-mean and de-trend and made the total data number 512 = 2 9 , 2) the time-series was tapered with hamming window and 3) 1-2-1 smoothing was applied twice for the FFT spectrum. The confidence interval for the FFT spectra was estimated by standard methods [e.g., von Storch and Zwiers, 1999] . As another measure to evaluate the significance of spectrum peak, red-noise spectrum was used. 1000 sets of red-noise spectra were produced with the equation y(t) = r Á y(t À 1) + s W e(t), where y(t) is the data at t-th year, r the 1-year lag auto-correlation coefficient for the observed time-series, s W = s ffiffiffiffiffiffiffiffiffiffiffiffi ffi 1 À r 2 p the white-noise variance with the variance s of the observed time-series and e(t) the normalized Gaussian random noise. The 50-th (100-th) largest of the power spectrum density at each frequency is regarded as 95% (90%) confidence.
[7] To examine the phase relationship between the 18.6-year cycle and the bi-decadal component of each reconstructed record, band-pass filtered time series is derived in the period between the two spectrum troughs surrounding a bi-decadal peak. Lagged correlation is taken between the bandpass-filtered record and 18.6-year cycle to detect the phase relationship.
[8] As another measure to evaluate phase relationship, mean-PDO and its confidence interval are calculated in each cycle-year. We take 0-th year to be the maximum pole-ward lunar-orbit inclination and maximum diurnal and minimum semi-diurnal tide. In the 9-10-th year, the inclination and diurnal tide take minima whereas the semi-diurnal tide takes the maximum. If the mean-PDO in a certain cycle-year is positive (or negative) beyond the confidence interval, it could be concluded that positive (negative) PDO statistically tends to occur. The confidence interval of 95% (90%) is calculated as s/ ffiffiffiffiffi N c p Â 1.96(1.654) where s is the standard deviation and N c % N/18.6 is the cycle number as the degree of freedom and N the total year-length of the data. The same analysis is applied to the 3-year running-mean data, because the tidal phase is not fixed on cycle-year; for example, the maximum diurnal tide in the 18.6-year cycle occurs on early-January in 1932 that is near the end of 1931, and it occurs on mid-December in 1838 when is near the start of 1839. The latter yields relatively smooth phase relationship as will be shown later.
Results
[9] The FFT power spectrum of the annual-mean D'Arrigo-PDO shows a peak at around 18.6-year period (0.053-0.057 cycle per year (CPY) corresponding to 17.7-19.0-year period in Figure 1a ) with nearly 95%-significance for the red-noise spectrum. This peak is also distinguishable from the surrounding troughs even considering the uncertainties of the spectra. Maximum entropy method spectrum shows the peak with the period of 18.6 -18.9-year (not shown). Significant bi-decadal peak around the 18.6-year period (0.053 -0.057 CPY in Figure 1b) is also seen in the spectrum of Biondi-PDO, whereas the peak is rather broad and not as sharp as the one of D'Arrigo-PDO and extends to the lower frequency of 0.04 -0.035 CPY corresponding to 21-25-year period.
[10] Time-series which are band-passed between the periods of the spectrum troughs surrounding the bi-decadal Figure 2 ), respectively. If the PDO global pattern is assumed to hold since the 18-th century, the spatial SSTwind-Sea Level Pressure patterns corresponding to PDO [Mantua et al., 1997] suggest that SSTs in the eastern equatorial Pacific and along the eastern rim of the Pacific tend to be warmer (cooler) and SSTs in the western-central mid-latitude North Pacific tend to be cooler (warmer) and the Aleutian Low pressure is strong (weak) in the weak (strong) period of diurnal tide in the 18.6-year cycle. These are consistent with the previous analyses McKinnell and Crawford, 2007] . The phase relationship is persistent except in the periods from 1740 to 1760 and from 1900 to 1920 during which the amplitude of the bi-decadal PDO is relatively small. Bi-decadal components of Biondi-PDO from 1661 to 1991 also show mostly similar phase relationship with the 18.6-year cycle (2-year-lag correlation r = À0.37, P < 0.15, d.f. = 16.1, N = 300, figure not shown).
[11] The mean-D'Arrigo-PDO in the 18.6-year cycle (red curve in Figure 3a for the original unfiltered time-series with 90% and 95% confidence interval denoted by orange solid and dashed lines, respectively) shows that in the 3rd and 5th year after the maximum diurnal tide, the mean-PDO significantly takes negative values and in the 10th, 11th and 13th year the mean-PDO takes significant positive values. For the 3-year running mean PDO data, the mean-D'Arrigo-PDO in the 18.6-year cycle (thick blue curve in Figure 3a with 90% and 95% confidence interval denoted by sky-blue solid and dashed lines, respectively) shows smoothed tendency that in the 3rd and 4th year the PDO takes significant negative values and in the 9th to 13th year the PDO takes significant positive values. As shown in the 3-year running mean PDO (blue curve in Figure 3a) , the mean-PDO takes positive values in the 7th to 14th year and negative values in the 0th to 6th year and in the 15th to 19th year.
[12] For the Biondi-PDO (Figure 3b) , similar results for D'Arrigo-PDO are obtained; in the 6th year the PDO significantly takes negative value and in the 11th and 16th year the PDO takes nearly significant positive value. For the 3-year running mean PDO data, the mean-Biondi-PDO in the 18.6-year cycle shows smoothed tendency that in the 4th to 7th year the PDO takes nearly significant negative values and in the 10th to 16th year the PDO takes nearly significant positive values. As shown in the 3-year running mean smoothed PDO, the mean-PDO takes positive values in (blue) curve is based on the original unfiltered data (3-year running mean data) with the orange (sky-blue) solid and broken curves for the 90% and 95% significance.
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[13] Figure 3c shows the phase relationship for the instrumentally observed annual-mean PDO time-series during 1900-2007. The mean-PDO shows the relationship similar to the reconstructed ones. The positive (negative)-PDO in the 8th-year for the unfiltered data and from 8th to 10th-year (2nd-year) for the 3-year mean data have more than 90% significance.
Summary and Discussion
[14] The present study firstly showed the existence of the 18.6-year period nodal tidal cycle in the Pacific Decadal Oscillation index by using proxy PDO data reconstructed from tree-rings in western North America. Negative (positive) PDO tends to occur in the period of strong (weak) diurnal tide; in the 3rd and 5-th (10-th, 11-th and 13rd) year after the maximum diurnal tide, mean-PDO takes significant negative (positive) value. Although the statistical existence of the 18.6-year cycle was already confirmed in the drought indices on the Pacific side of the North and South America [Currie, 1984 [Currie, , 1991 Cook et al., 1997; Herweijer et al., 2007] and in the Gulf of Alaska temperature [Wilson et al., 2007] , it is noted that the cycle is detected in the nearly global climate index of PDO and the phase relationship is found between PDO and the cycle. The present finding of the 18.6-year cycle in PDO could contribute to improving the predictability of inter-decadal time-scale Pacific climate because the 18.6-year cycle is accurately predictable. Since the present study only used the proxy PDO data from tree rings in the western North America, the persistence of global PDO pattern over the Pacific including the western Pacific and its relation with the 18.6-year cycle need to be further explored.
[15] Bi-decadal variability synchronized with the 18.6-year cycle is evident in the subarctic North Pacific watermasses Yasuda, 2006, also submitted manuscript, 2008] , and the bi-decadal climate variability is hypothesized as the results of tidevertical mixing induced ocean circulation change in the western boundary currents leading to air-sea interaction . Climate model experiments suggest the variation of vertical diffusivity corresponding to the 18.6-year cycle can generate ENSO variability [Hasumi et al., 2008] . The present study shows the importance of this mechanism that should be further studied for improvements of climate predictability, although the mechanism is beyond the focus of the present study.
